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Abstract NMDA receptor (NMDAR) dependent forms of
synaptic plasticity are thought to play critical roles in many
aspects of CNS function and dysfunction, from learning and
memory to addiction. NMDARs are heteromeric tetramers
principally comprised of two NR1 subunits and two of four
varieties of NR2 subunits (NR2A-2D). Recently, it has been
proposed that specific NR2 subtypes subserve distinct roles
in NMDAR-dependent long-term potentiation (LTP) and
long-term depression (LTD). Here, we will review this
literature, and describe an existing countervailing hypothe-
sis, the charge-transfer hypothesis, which postulates that the
total charge transfer through NMDARs, rather than specific
subunits, dictates the polarity of synaptic plasticity. We will
propose that a modification of the charge-transfer hypothe-
sis, to include the possible involvement of protein-protein
interactions imparted by distinct NR2 subunits, best fits the
existing data.
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What are the molecular substrates for learning and
memory? Intense research on this fundamental question
has yielded two candidate mechanisms: a long lasting
enhancement of synaptic efficacy termed long-term poten-
tiation (LTP) and a long-lasting reduction in synaptic
efficacy termed long-term depression (LTD). It has been
long surmised that these processes underlie memory
formation, although direct evidence has been notably
absent. Recent reports suggest that LTP and LTD can occur
in vivo after a variety of behavioral conditioning paradigms
[24, 31, 32, 38, 41, 44], reinforcing the need for an in depth
mechanistic understanding of these processes.
The NMDA receptor (NMDAR) is a molecule that has
figured prominently in both learning and synaptic plasticity.
Specifically, the NMDAR controls the induction of certain
forms of both LTP and LTD and particular forms of learning.
It is crucial to note that while multiple NMDAR-dependent
forms of exist, this article focuses solely on NMDAR-
dependent forms of plasticity. NMDARs are members of the
glutamate receptor family of ligand-gated ion channels,
which include AMPA and kainate receptors [6]. NMDARs
have two key properties that underlie their unique role in
plasticity. The first is that they are permeable to calcium, a
vital signaling molecule. The second is that at normal
resting membrane potential they do not permeate ions
because of a magnesium block of the pore. This allows
these receptors to act as coincidence detectors requiring
both postsynaptic membrane depolarization and presynaptic
release of glutamate to be active.
Structurally, NMDARs are tetrameric assemblies com-
posed of two NR1 subunits and two NR2 subunits [11],
with the NR2A and NR2B subtypes being the most highly
expressed and well-studied. Whereas NR1 splice variants
[7] and NR3 subunits exist [35] and can have dramatic
effects on NMDAR function, the majority of plasticity
research has focused on the NR2 subunit and the ability of
different NR2 subtypes to confer unique biophysical,
pharmacological, signaling, and localization properties to
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the receptor [6]. These differences have been proposed to
permit the NMDAR to induce two opposing forms of
plasticity, LTP and LTD, in an NR2 subunit-specific
fashion. We will focus first on critical differences between
NR2A and NR2B subunits, then the proposed specific roles
that these subunits play in the induction of LTP and LTD.
We will then present an alternative explanation that is
consistent with the majority of the results obtained to date,
which is that there is no required subunit specificity for
current flow through specific NMDARs for the induction of
LTP and LTD. Rather, induction of plasticity requires a
critical level of charge transfer through NMDARs and key
protein–protein interactions.
NR2A, NR2B: Key differences
One of the most apparent and widely appreciated differ-
ences between NR2A and NR2B containing NMDARs are
their current-passing kinetic profiles. Diheteromeric NR2A
containing NMDARs (two NR2A subunits and two NR1
subunits) have much more rapid decay rates compared to
diheteromeric NR2B containing NMDARs [42]. Trihetero-
meric NMDARs (NR2A, NR2B, and two NR1 subunits)
are thought to have a kinetic profile that is intermediate to
diheteromeric populations [39], although a direct evaluation
of microscopic kinetics of currents isolated from these
receptors has not been performed. A recent study investi-
gating the single-channel activities of NR2A and NR2B
receptors proposed a kinetic model in which these receptors
would promote differential temporal summation, which
may have relevance to induction of plasticity [8].
Another major difference between NR2A and NR2B
subunits is the protein–protein interactions in which they
participate. For example, NR2B interacts with autophos-
phorylated CaMKIIα with higher affinity than NR2A [34].
Furthermore, differences may exist in the relative localization
of these subunits on the neuronal surface membrane, with the
NR2B subunit exhibiting a greater enrichment at extrasyn-
aptic sites when compared to the NR2A subunit [39].
However, these arguments are made at least in part based
on experiments using suboptimal pharmacological tools, as
will be discussed below. Furthermore, it is also clear that
NR2A-containing receptors exist extrasynaptically [37], and
NR2B-containing receptors exist synaptically [25], thus, in
the best of cases this is not a binary distribution.
NR2A, NR2B: Tools of the trade
Whereas genetic models and molecular tools can provide
great insight into the involvement of NR2A and NR2B
subunits in plasticity (and will be discussed below), over the
last few years pharmacological tools have been the most
widely used tools for probing subunit selective function.
There are several highly NR2B-selective allosteric antago-
nists available, notably ifenprodil and its higher affinity
analogs, Ro 25-6981 and CPP101,606. The selectivity of
these compounds, particularly Ro 25-6981 and CPP101,606,
is excellent for NR2B-containing receptors [9, 26]; however,
it has been noted that high concentrations of ifenprodil [46]
can antagonize non-NR2B-containing receptors and other
targets [16]. Further complicating the actions of these
compounds is their ability to actually enhance NMDAR
function at low levels of glutamate [9, 45].
NR2A selective antagonists have been more difficult to
develop. Recently, a new compound, NVP-AAM077, was
reported to have nearly 600-fold selectivity for NR2A vs
NR2B when coapplied with the agonist [20]. However, a
number of later studies have shown that the selectivity after
preapplication of NVP-AAM077 is too low to allow for
meaningful discrimination of NR2A vs NR2B contributions
to synaptically elicited NMAR currents [10, 28, 43].
Notably, Frizelle et al. [10] modeled the effects of NVP-
AAM077 on both single and tetanically evoked NMDA
excitatory postsynaptic currents composed of NR2A and
NR2B diheteromers and found the selectivity too narrow
under both circumstances.
It has further been shown that zinc can selectively inhibit
NR2A-containing receptors at low concentrations (in nano-
molar range) via an allosteric interaction with the N-
terminal domain [29]. The concentration of zinc in the
extracellular space is similar in range to the Ki, thus, it has
been proposed that zinc exerts a tonic modulation on NR2A
receptors. However, several factors act as confounders for
using zinc as a subunit-selective compound, namely, the
presence of a low-affinity binding site on the NR2B subunit
[30], the pH dependence of the interaction [51], and the
ability of zinc to act on signaling pathways independent of
the NMDAR [33].
Another problem with the use of pharmacological tools in
delineating the contributions of specific NR subunits is that the
bulk of the studies examining the actions of these selective
antagonists have been performed in expression systems
focusing on diheteromeric receptors. However, strong evi-
dence suggests the presence of endogenous triheteromeric
receptors [21, 22, 39], yet little is known about their
pharmacology. Recently, Hatton and Paoletti [12] used an
elegant mutation strategy to isolate triheteromeric responses
and examine their pharmacology in an expression system.
These results suggested that N-terminal domain allosteric
antagonists, ifenprodil and zinc, retain high affinity for
triheteromeric receptors but with substantially reduced effi-
cacy. Interestingly, when applied together these compounds
can have a supraadditive effect. Because of this lowered
efficacy, it is thus debatable whether existing pharmacological
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tools are useful in assessing the role of current passing
through triheteromeric receptors in neuronal function.
In addition to these pharmacological tools, a number of
genetic models are available for the study of NR2A and
NR2B. Whereas traditional NR2B knockouts produce early
lethality [18], NR2A knockouts are viable and fertile [15].
Knockin mice generated with NR2 subunits lacking C-
terminal tails have also proven useful [17], as have
transgenic mice overexpressing NR2B [36]. Finally, a
variety of viral-mediated transfer studies have been
employed, as will be described below.
LTP: Subunit selectivity or lack thereof?
Genetic and molecular studies
Several different genetic techniques have been employed to
determine the contribution of individual NMDAR subunits
to LTP. A global NR2A knockout generated by Mishina et
al. [15] had both reductions in NMDAR currents and LTP
in the hippocampus, although LTP was not ablated. A
similar result was obtained with mice in which only the C-
terminal domain of the NR2A subunit was deleted [17].
However, analysis of the NMDAR currents in these animals
showed no difference in magnitude when compared to wild
type, suggesting that the loss of an interacting protein may
have caused the deficit of LTP. Further characterization of
these animals showed that the deficit in LTP could be
overcome with a stronger induction protocol, raising the
idea that there is a threshold of activation or charge transfer
necessary for induction of LTP.
Whereas no experiments have been undertaken investi-
gating LTP in NR2B knockout animals, the effect of
transgenic overexpression of NR2B has been shown to
enhance LTP in the hippocampus [36]. Concomitant with
this enhancement of LTP was an increase in the decay time
of NMDAR-mediated currents and an increase in charge
transfer. In keeping with this finding, antisense knockdown
of NR2B subunit expression in the hippocampus impaired
both LTP and spatial learning [5]. Utilizing a similar
approach, Zhuo et al. [50] has shown that in the anterior
cingulate, knockdown of NR2B receptors using siRNA can
both reduce NMDAR-mediated currents and induction of
LTP. Furthermore, in an elegant series of experiments,
Barria and Malinow [1] used molecular tools to identify a
critical role of the interaction between NR2B and CaMKII
in plasticity. They showed that by transfecting hippocampal
slice cultures with either a NR2A construct or a NR2B
construct with diminished CaMKII binding they could
dramatically reduce LTP, whereas transfection with a
chimeric NR2A/B subunit containing only the NR2B
CaMKII-binding domain rescues this loss of LTP. This
result, along with the studies examining the C-terminal
knockouts of the NR2A subunit, highlights the importance
of receptor subunits beyond current flow, as the intracellu-
lar bound protein proved to be the critical variable.
Furthermore, these studies do not directly implicate one
subunit vs another, but rather suggest that both NR2A and
NR2B can play roles in induction of LTP.
Pharmacological studies
An early report using antagonists with selectivity for
NR2A/B- vs NR2C/D-containing receptors suggested a
more prominent role for NR2A/B receptors in the induction
of LTP in the hippocampus [14]. Working in the cortex,
Yoshimura et al. [49] noted the involvement of NR2B in
pairing-induced LTP. Moreover, the authors found a
developmental decline in NR2B expression that correlated
with reduction of pairing-induced LTP, supporting the
possibility that NR2B was critical for this form of plasticity.
Striking results were reported in 2004 when two groups
reported that the purportedly NR2A-selective antagonist
NVP-AAM077 could selectively block LTP in hippocampus
[20] and visual cortex [23], whereas the NR2B-selective
compound Ro 25-6981 had no effect. Unfortunately, as
discussed above, problems of the properties of both of these
ligands preclude interpretation of these results. First, the
actions of the compound NVP-AAM077 are difficult to
interpret because of the compound’s lack of selectivity
when applied before agonist, as in the case of an LTP
experiment [43]. Furthermore, while we do not call in to
question the selectivity of Ro 25-6981, the lack of effect of
Ro 25-6981 only suggests that LTP is not impacted by the
relatively selective inhibition of synaptic diheteromeric
NR2B-containing receptors, as this compound has a
reduced efficacy at triheteromeric receptors [12]. Finally,
antagonism at NR2B-containing receptors would not be
predicted to disrupt key NR2B-specific protein–protein
interactions, such as with CaMKII.
Subsequent results obtained with these and other
NMDAR antagonists reinforce the idea that the utility of
these compounds is limited for interpretation of roles of
NR2 subunits in neuronal function. For example, Berberich
et al. [4] reported that LTP was induced in the hippocampus
by high-frequency stimulation in the presence of lower
concentrations of NVP-AAM077 that nonetheless still
maximally inhibit diheteromeric NR2A-containing recep-
tors. Furthermore, using an alternative LTP induction
protocol, low-frequency stimulation (LFS) paired with
postsynaptic depolarization, neither a “selective” concen-
tration of NVP-AAM077 nor CP-101,606 impaired LTP. It
should be noted that one critical difference is that Berberich
et al. used mice whereas the original reports with NVP-
AAM077 were in rats. Simultaneously, Weitlauf et al. [43]
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showed that LTP persists in the bed nucleus of the stria
terminalis of the NR2A knockout animal and that this LTP was
still blocked by NVP-AAM077 in the NR2A knockout.
Subsequent experiments have shown that the synaptically
evoked NMDA current in the NR2A knockout is nearly
completely blocked by Ro 25-6981 (T. Kash, unpublished
results), suggestingNR2B-containing receptors can induce LTP
in this region. Following up on their earlier work in the anterior
cingulate cortex, Zhuo et al. [50] demonstrated that NR2B
antagonists could partially block LTP produced by several
different induction protocols. The authors also suggested,
through the use of NVP-AAM077, that NR2A was involved
in induction of LTP; unfortunately, the concentrations used in
this study are nonselective. However, given the additive nature
of the antagonists, the results are in line with a simple charge
transfer requirement for induction of LTP.
Two recent reports have further expanded our under-
standing of this field. Collingridge et al. [2] showed that in
the hippocampus of 2-week-old female rats Ro 25-6981
could reduce LTP. Given the concern that had arisen
regarding the selectivity of NVP-AAM077, the authors
performed a series of experiments that ultimately resulted in
what appeared to be a concentration of NVP-AAM077 that
was selective for NR2A. However, it remains a question as
to how effective a concentration of drug found to be
selective in a slow solution exchange recombinant system
will be in determining subunit selectivity in a system such
as brain slice with significant diffusion barriers. Using this
concentration, they demonstrated that this concentration of
NVP-AAM077 could also impair induction of LTP. Taken
together, these data suggest that at this particular develop-
mental stage both NR2A and NR2B are involved in
induction of plasticity. Following up on an earlier paper
demonstrating a lack of subunit selectivity for LTP in the
mouse hippocampus, Berberich et al. [3] recently published
a paper in which they examined the effect of a range of
concentrations of different antagonists on a LFS LTP
induction protocol. The results demonstrated that total
charge transfer during induction was the critical variable
for induction of LTP, rather than the specific subunit that
was antagonized.
LTP conclusions: NMDAR–LTP can be elicited either
through NR2A- or NR2B-containing NMDARs
This brief review of studies investigating the subunit
selectivity of LTP indicates that there is no clear evidence
for a role for NR2A as a specific “LTP” NMDAR subunit
across species, brain regions, or developmental stage. Rather
than subunit selectivity, much of the results suggest a “charge
transfer hypothesis,” where a minimal amount of calcium
must flux into the postsynaptic cell to induce plasticity. The
idea that there is a requirement of charge transfer required for
plasticity is in keeping with the model proposed by Lisman
[19] in which postsynaptic calcium can trigger both LTP and
LTD depending on the nature of the calcium signal. This is
supported by several studies that demonstrated the ability of
directly elevating postsynaptic calcium using a photolytic
uncaging technique to induce a form of plasticity similar to
LTP [27, 48]. However, several studies discussed above have
demonstrated that binding of intracellular proteins also has a
critical role in induction of LTP. One simple mechanistic
explanation that integrates these findings is that LTP
induction requires both of these events; a minimal level of
calcium flux, which then activates CaMKII and other
calcium-dependent signaling pathways. The ability in some
systems to observe a subunit-selective induction in certain
situations but not others is not entirely surprising given the
dynamic regulation of synaptic NR2A and NR2B levels
across brain regions and developmental stages. It has been
suggested via modeling studies that NR2A and NR2B
diheteromers have divergent charge transfer responses to
similar tetanus protocols [8]. Thus, the selectivity that is seen
with some induction protocols may reflect a more important
role for charge transfer mediated by one receptor subtype
based on that particular stimulation protocol.
LTD: Subunit or subcellular dependence?
Genetic and molecular studies
Unfortunately, the application of genetic and molecular
studies aimed at determining subtype selectivity of LTD
induction has been relatively sparse when compared to LTP.
In the NR2B knockout mouse, there was a near total lack of
NMDAR-mediated synaptic currents and no ability to
induce LTD [18]. Unfortunately, the authors did not
examine the ability to induce LTP in these animals;
however, given the lack of NMDAR currents it is
reasonable to believe that this would be defective as well.
Pharmacological studies
The initial antagonist studies described above from the
Sacktor lab, suggesting that NR2A/B are linked to LTP,
also suggested that NR2C/D were linked to LTD [14].
However, the lack of selective antagonists has hampered
this line of investigation, and the focus here will be
centered on the role of the NR2B subunit. Morrisett et al.
[13] reported that ifenprodil enhanced induction of LTD in
the hippocampus of 2- to 3-week-old rats. The study by Liu
et al. [20] in hippocampus stands in direct contrast to this
result, showing that antagonism of NR2B abolished
induction of LTD in the hippocampus of 3- to 4-week-old
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rats. Similar to this finding, Toyoda et al. [40] demonstrated
an NR2B-ligand-sensitive form of LTD. Most recently,
three different groups published parallel studies with
NR2B-selective ligands on hippocampal LTD, and were
unable to replicate NR2B-ligand sensitivity of LTD [25].
Thus, these data suggest that likely subtle differences in the
preparations between labs may influence the sensitivity of
LTD to these drugs, reinforcing the idea that there is no
absolute requirement for the recruitment of NR2B-containing
receptors, and further consistent with the idea that the majority
of these types of experiments are also consistent with the
“charge transfer” hypothesis.
In all of the previously discussed LTD studies a
stimulation protocol was used that was able to consistently
produce NMDAR-dependent LTD. In several other studies
a LFS protocol was only able to induce LTD in the presence
of altered glutamate transport, induced either pharmacolog-
ically or via behavioral manipulations [23, 47]. In these
studies, the authors concluded that extrasynaptic NMDARs
were coupled to LTD induction. Furthermore, they demon-
strated that both the LTD and the extrasynaptic NMDAR
response was mediated via NR2B-containing receptors.
LTD: Conclusions
Based on the available literature it is difficult to draw
conclusions regarding the general role of NR2A and NR2B
subunits in LTD. In the hippocampus, it could be suggested
that there are distinct forms of NMDAR-dependent LTD, a
form that can be induced without alterations in glutamate
transport, and one that requires alterations in transport. Any
differential pharmacology of these different forms could
result from the different concentrations of glutamate at
extrasynaptic sites. This is particularly interesting, given the
ability of certain NR2B antagonists to actually enhance
NR2B-mediated transmission when low concentrations of
glutamate are present. One might predict that the inability of
NR2B antagonists to inhibit LTD and in some cases enhance
LTD is because of this pharmacological property, and that
mechanistically this may be because of enhancing the actions
of glutamate at extrasynaptic NMDARs. Finally, while
several of these reports suggest that extrasynaptic NR2B-
containing receptors are critical for induction of LTD, one
cannot exclude the possibility that a similar charge transfer
phenomena exists for solely extrasynaptic receptors.
The future of plasticity research
Throughout this article, the focus has been primarily on the
role of receptor subtypes in plasticity as revealed with
antagonists, both selective and nonselective. The pharma-
cological approach is extremely valuable, but it has limits,
in such that it focuses on merely one aspect of the NMDAR
complex, charge transfer. Whereas we do favor the idea of
the charge transfer hypothesis in which subtype selectivity
observed may be determined by the innate receptor kinetics,
there is clearly another story to be told, that of protein
interactions. To make progress in understanding of these
complex interactions, we believe that future studies should
embrace innovative genetic and molecular techniques such
as floxed NR2 subunits and receptor chimeras.
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